Introduction
In terms of the active biological element, biosensors can be divided into two broad groups, based on either catalytic or affinity reactions. Reference to the literature [ 11 clearly shows that the majority of work to date has centred around catalytic biosensors utilizing enzymes as the catalytic recognition element or, occasionally, enzymes in whole cells or tissues. The alternative affinity systems, based mainly on antibodies [Z] have been slower to emerge, reflecting in part the number and degree of problems encountered.
Immunosensors, however, are now progressing rapidly and, for some applications, are approaching a stage where commercial devices are a realistic goal. The launch of the first commercial immunosensor will represent a significant milestone in biosensor technology by opening the door to a wider range of analytes and an improvement of the sensitivity limit from to lo-" M (the typical enzymic range) down to lo-'' M and possibly lower. This will represent a step towards the technology required to produce a nucleic acid biosensor which, as an affinity system, will have many similarities to an immunosensor.
Abbreviations used: p.g.e., pyrolitic graphite electrode; s.p.r., surface plasmon resonance; PCR, polymerase chain reaction.
Markets and applications
As with immunoassay technology (including immunosensors), the existing and potential market for DNA technology and, by inference, DNA sensors is significant. Frost & Sullivan [3] recently estimated the US. market for DNA probes in 1989 was $13.8m and forecast a rise to $301m by 1994. Nucleic acid technology (mainly DNA probes but also rFWA and mRNA) is in direct competition with immunoassay technology in many areas of application such as micro-organism identification. Diagnostic systems based on nucleic acids, however, offer the advantage of high sensitivity, often better specificity, and in some cases, such as retroviral infection, offer the ability to distinguish between past and present infection.
Other applications are unique to nucleic acid technology. These include forensic identification of individuals from DNA collected at the scene of a crime, genetic profiling to indicate susceptibility to disease, paternity testing, prenatal diagnosis of genetic disease and a host of research applications [4, 51.
Many of the above applications are likely to remain in the laboratory and improvements in the technology have, therefore, been aimed at rapid, safe and less labour-intensive laboratory-based analytical systems. On this front a number of significant developments have arisen over the last Heated to makesingle-stranded decade with a movement towards non-radioactive systems employing a range of transducers. 
The hybridization model
Low-level specific-sequence nucleic acid detection Frequently, when greater information is required, and gene identification is based exclusively on the another stage is introduced involving DNA digestion and ability of a single-stranded nucleic acid molecule to separation on a gel prior to detection. Many of the techrecognize and bind (hybridize) to its complementary partner in a sample to form the familiar stable double helix. The speed and fidelity of this binding event depends on the degree of sequence homology, the temperature, the length of the probe sequence, the probe concentration and the ionic strength of the surrounding medium.
In a typical analysis, for example Salmonella detection in a food sample, the presence or absence of a gene specific for the organism may be investigated via a three-stage process. Initially, sample preparation must occur when it is necessary to make the DNA single-stranded. The prepared sample is then added to a single-stranded DNA 'probe' molecule complementary to the sequence of interest (usually part of a gene). The conditions are then arranged such that hybridization may occur [i.e. high salt concentration and a temperature below the melting (dissociation) temperature of the stable helix]. After hybridization has occurred the quantity of bound probe is measured (Fig. 1) . Standard assays are heterogeneous with either the probe or sample DNA immobilized in singlestranded form to a solid support. After hybridization any non-bound probe or sample is removed by washing, prior to measurement.
The bound probe may be measured by direct physico-chemical methods. The sensitivity of this approach is, unfortunately, poor and traditionally the probe has been labelled in some way prior to hybridization. Typical labels include radioisotopes, enzymes, fluorophores and small antigens that may -.
niques of direct transduction (measurement) are only suited to simple yedno analysis unless a separation or sandwich hybridization approach is adopted [6] .
SAMPLE PREPARATION

I
Probe often labelled I INDIRECT e.g. fluorescence DIRECT e.g. s.p.r., electrochemistry tion process (1-8 h) that is highly temperaturedependent, and problems of sample preparation have limited progress towards rapid analytical devices using nucleic acids. Recent developments, however, offer some encouragement that a rapid, user-friendly analytical technique for the identification of specific nucleic acid sequences will soon be available. (1 pg) of target sequence. These low levels of detection are required for a significant number of applications and have often been difficult to achieve using anything other than the isotopic labelling methods [7] . This, coupled with a slow hybridizaOptical, electrochemical, radiometric and microgravimetric transduction systems have all been applied to the detection of nucleic acid binding reactions. The traditional approach has been to use a 32P-labelled probe sequence followed by detection using cerenkov counting in a scintillation counter or autoradiography. This approach has yielded high sensitivity and, in experienced hands, good reproducibility. The system, however, suffers from the inherent problems of using a high-energy p-emitter, resulting in a short probe shelf-life and problems of handling and disposal. Given these problems it is not surprising to find that a considerable effort has
gone into the development of non-radioactive alternatives.
The biotin/avidin system [8] , along with the use of sulphonated probes, have, perhaps, offered the best alternatives to date. These systems rely on labelling the probe sequence with a small hapten that is recognized in a separate affinity reaction after the hybridization process. When biotin is used as the label it is detected by its strong affinity to avidin (10" &I--'). The avidin is labelled in some way, usually with an enzyme or a fluorophore to allow detection. These techniques have reported sensitivities of < 1 pg with time-resolved fluorescence offering one of the best options [9] . Although these techniques offer good sensitivity, they are still limited by the length of the hybridization process and the necessity to label the probe and/or carry out a second affinity reaction. One of the possible routes to circumvent these problems is to consider direct detection of the affinity reaction. Some of these possibilities are considered below.
Direct detection/transduction of hybridized DNA
Direct electrochemical detection of DNA has been under investigation for many years [ 101 and the different redox behaviours between single-and double-stranded DNA has been highlighted [ 1 11. Krzaric & Cosovic [12] reported detection of salmon sperm DNA in the p g ml-' range using a mercury drop electrode in a three-electrode configuration, while other groups [ 131 have reported similar methods based on a pyrolytic graphite electrode (p.g.e.). The behaviour of polynucleotides at a charged electrode surface is complex and highly dependent on the conditions used. Native double-stranded DNA will bind strongly to a p.g.e. at positive potentials by virtue of its exterior, negatively charged phosphate groups. The oxidation of adenine and guanine can then be monitored using standard scanning voltametric techniques. The potential at which oxidation occurs is dependent T o n the base composition and structure of the bound duplex since the oxidation process induces conformational changes up to total strand separation. It might be envisaged that specific sequence identification could be undertaken using an approach based on direct electrochemistry. However, the poor sensitivity and probable high background signals and potentials do not make the approach overly encouraging for routine applications.
Janata applied a potentiometric approach to binding assays, using concanavalin A, as far back as 1975 [14] , by monitoring a change in the charge upon binding to a polysaccharide. Unfortunately, this approach suffers from problems of non-specific binding and even after further developments has not progressed significantly. Its application to nucleic acid assays is even more doubtful and is unlikely to be applied.
Microgravimetric systems have already been applied to the detection of Salmonella lyphimurium using a DNA probe. Fawcett et al. [ 151, using a 9
MHz quartz crystal, obtained a 779 Hz frequency shift after hybridization to 1 mg ml-I Salmonella DNA with the probe DNA immobilized on the crystal surface. Without culture enrichment or sequence amplification (see below) this sensitivity is not great enough for wide application. The potential of the device has, however, been demonstrated and, with movement to a higher frequency crystal or a surface acoustic wave system, the sensitivity limit could be increased to within a useful range (i.e.
One of the most promising transduction systems for specific-sequence nucleic acid analysis is the optical technique of surface plasmon resonance (s.p.r.). This technique relies on a totally internally reflected light beam interacting with the 'electron plasma' of a metal (typically silver) at the exterior of a glass prism surface [16] . At a unique angle this interaction results in resonance of the metal electrons at the surface, leading to a drop (to zero) in the intensity of the reflected beam. The angle at which this occurs is a function of the refractive index. Binding events at the surface of the prism will, usually, lead to a change in the refractive index and can therefore be monitored using the s.p.r. approach.
S.p.r. has already been applied to the detection of antibody/antigen binding in several forms [ 171, but has also recently been applied to the detection of DNA using 17 mer (a single-stranded oligonucleotide containing 17 bases) and 50 mer oligonucleotides complementary to a 97 mer target sequence [18] . The 17 mer or the 50 mer were bound to the surface of the glass prism by passive absorption and the hybridization monitored by continual interrogation of the surface with a light beam and measurement of the critical angle at which s.p.r. occurred. The authors report that a detection limit of 10 X mol of the 97 mer was possible within 5 min. Although this sensitivity needs to be improved for use with non-amplified samples there are a number of significant advantages to the approach not least of which is the ability to monitor hybridization in real time. Real-time analysis allows
the use of rate techniques to monitor binding reactions and thereby facilitates faster analysis by decreasing the period needed to monitor hybridization. The applicability of this method to real samples, however, has yet to be tested.
Amplification systems
The direct transduction systems outlined above eliminate the need for sample labelling and, in at least one case (s.p.r.), allow the use of rate techniques to decrease the assay time. These are important attributes for a potential nucleic acid biosensor and take us one step nearer the possibility of a realistic device. Unfortunately, none of these devices offer the extreme sensitivity required for some applications and they would all need to improve by a factor of at least lo4 for single copy gene detection. However, many of the advocates of direct transduction techniques argue that amplification of the nucleic acid sequence by the polymerase chain reaction (PCR) circumvents this inherent problem. The PCR reaction, described by Saiki et al. in  1985 [19] , has revolutionized the field of DNA technology. PCR utilizes the enzyme DNA polymerase I (Klenow fragment) to synthesize copies of a specific base sequence in the presence of plus and minus strand primers (short oligonucleotides complementary to sequences adjacent to the sequence to be amplified) and free deoxyribonucleotide triphosphates (ATP, GTP, CTP, TTP). Each cycle of DNA denaturation (to produce single-stranded DNA) followed by synthesis of new copies doubles the amount of the specific sequence present. It is therefore possible to achieve a massive amplification and bring the concentration of a specific sequence within the detection range of a direct transduction system. A combination of PCR followed by direct measurement using a rate method could allow single copy gene detection in less than one hour. This represents a considerable advance in technology since the commencement of hybridization-based gene analysis, when results were often only obtained after 48 h or longer. A nucleic acid biosensor, however, will require an equally significant development before realization.
Hybridization-based nucleic acid biosensors
A hybridization approach based on sample preparation followed by either labelling or PCR and direct measurement make the production of a nucleic acid biosensor, in a format similar to commercial glucose sensors, a very difficult task. The use of a rate technique helps to move the technology close to a system rapid enough for use in a biosensor configuration. However, the DNA must still be made single stranded (and often requires 'digestion' into smaller pieces) and presented outside the cell in a condition suitable for hybridization to occur. These factors clearly show that, at present, a nucleic acid biosensor based on the hybridization model is not a realistic short-or even medium-term goal. However, user-friendly and rapid ( -1 h) laboratory-based systems (which, depending on definition, could be viewed as biosensing systems) are likely to become widespread if some of the systems described above are developed further. This will undoubtedly expand the use of nucleic acid assays and the range of their routine application. It should be noted, however, that to gain information other than the presence or absence of a particular gene or sequence (i.e. position or linkage) a more detailed analysis is required. In this instance the techniques of strand displacement and sandwich hybridization may play a role in the production of a user-friendly and rapid assay [ 61.
Nucleic acid biosensors based on DNA-binding proteins
If specific-sequence nucleic acid analysis is to progress beyond the laboratory device suggested above, a diversion from existing technology will be necessary. One of the possible routes to follow is a movement away from hybridization-based systems towards the use of DNA-binding proteins.
DNA-binding proteins such as RNA polymerases, promoters, repressors and restriction enzymes exhibit the ability to bind to a specific DNA sequence in double-stranded form. They rely on recognition of the three-dimensional structure of the double helix and usually bind via ionic interaction with the microenvironment of the minor and major groves on B-form DNA. The nature of these interactions has been well reviewed by Ollis & White [20] .
A sensor based on a specific-sequence nucleic acid binding protein would overcome the need to present the nucleic acid in single-stranded form and would replace the hybridization-based affinity reaction. Using this approach, it would be necessary carefully to select the protein in order to achieve the required specificity and limit the amount of nonspecific binding which would undoubtedly occur. Unfortunately, sensitivity may well prove a major obstacle to this approach.
Catalytic antibodies (abzymes) perhaps offer a related alternative to consider, by drawing together the affinity and catalytic (lower affinity) reactions of
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antibodies and enzymes. A recent patent [21] claims their use in a variety of biosensor configurations using a wide range of transducers. It may in the future be possible to consider their application to specific-sequence nucleic acid detection. This approach would rely on the production of a specific catalytic antibody raised against a stable transition state DNA sequence and is not therefore a trivial task. Alternatively, modification of existing nucleic acid enzymes might be considered. Both these approaches, however, are very speculative and long-term.
Conclusion
A commercial nucleic acid biosensor in the style of a highly sensitive and rapid dip-in device without sample preparation is at present an unrealistic goal. On the other hand, a small desk top or even portable analytical kit capable of giving results in less than an hour is a reasonable prospect. Developments in PCR, direct transduction and labelled homogeneous assays suggest that specific-sequence nucleic acid analysis in the format described above is a realistic, if not simple, goal over the next 5 years.
